Cataract surgery was revolutionised
Introduction
The introduction of blue-filtering intraocular lenses (BFIOLs) for implantation after cataract surgery is still the subject of active debate, with the publication of~100 articles focusing on the potential advantages and disadvantages of BFIOLs compared with ultraviolet filtering lenses (UVFIOLs). [1] [2] [3] [4] [5] BFIOLs are also referred to as yellow-or orange-tinted intraocular lenses (IOLs). Historically, the impetus to develop BFIOLs was to reduce chromatic aberration, and cyanopsia, where the recipient of the IOL notices a blue tinge to their vision post surgery, 3 and to provide protection against short-wavelength light because of the evidence that shortwavelength light is toxic to the retina and retinal pigment epithelium. (Van Norren-Cambridge Symposium Paper) 6, 7 It was postulated that reduction or elimination of short-wavelength light to the retina by implanting a BFIOL could prevent the development of age-related macular degeneration. 8 Other suggested benefits included improvement in contrast sensitivity 9 and reduction in glare in certain lighting conditions. 10, 11 Another benefit claimed for the BFIOL includes a reduction in blood retinal barrier disruption. 12 It is interesting to note that several fish including the masked greenling show changeable colouration of their corneas from deep yellow to red when exposed to bright light and become colourless in the dark; this property is conferred by reversible pigment in the corneas. 13 This is thought to reduce light dispersion in the short-wave region of the spectrum, enhance the visual contrast, and protect from bright illumination. Skiers and sharp shooters often wear yellow lenses to cut down glare, and reduce chromatic aberration. 9 More recently, other innovative IOL lens designs have included the development of an IOL called a phototropic IOL that is clear in the absence of UV radiation and turns yellow in the presence of UV light. This system would be expected to provide optimal protection from short-wavelength blue light during the day and turns clear in low lighting conditions. 14 Theoretical disadvantages of implanting a BFIOL compared with a UVFIOL have been raised over the last 25 years. The main concerns are that implantation of a BFIOL will lead to altered colour perception, reduced colour vision, a reduction in scotopic visual function, reduced contrast sensitivity in mesopic and scotopic conditions, and disruption of circadian photoentrainment. 15, 16 There have been excellent comprehensive articles reviewing this subject in detail and a more recent metaanalysis by Zhu in 2012. [1] [2] [3] [4] [5] Since then more information has become available regarding the impact of the BFIOL on the sleep-wake cycle, 17, 18 blood pressure, 19 mood, 20 and cognitive function 18 as well as early small studies looking at age-related macular degeneration (AMD) development. 21, 22 Photoprotection and photoreception Transmittance and absorption properties of BFIOLs and UVFIOLs have been compared with each other, as well as to the natural crystalline lens. Artigas 23 and co-authors show that not all UV filters incorporated into UVFIOLs offer equal protection from UV light. They go on to state that the filters that provide greater photoprotection against UV radiation, and blue light, are yellow and orange, and that yellow and orange IOL filters may be best suited for cases requiring special retinal protection. Van Norren and Kraats reported on spectral transmission of IOLs expressed as virtual age, which provides a useful method of comparison of different IOLs regarding their different short-wavelength transmission and absorption characteristics. 24 They demonstrated that a UVFIOL mimics the lens transmission and absorption of a newborn ranging up to a teenager; whereas a BFIOL, depending on the lens type, is more typical of the transmission seen in early-to-late middle age. The ideal IOL would be one that mimics the natural crystalline lens at a point in life where there is excellent transmission and adequate absorption, thus balancing the need for visual performance and retinal protection. Where the spectral transmission curve should be is still the subject of ongoing debate. BFIOLs allow significantly more light into the eye than the naturally ageing crystalline lens. How well an IOL transmits and absorbs light will have an impact on its performance and its safety profile. The mechanisms of light-induced retinal toxicity are reviewed in Van Norren's article in this edition and will not be reviewed here (Van Norren-Cambridge Symposium Paper). Although there is debate about whether chronic light exposure triggers or aggravates AMD, laboratory and animal experimental studies have shown that shortwavelength light, particularly UV light, but also blue light can cause damage to the retina. 6, 7 (Van NorrenCambridge Symposium Paper) There is good evidence from animal and cell culture studies that a yellow lens can protect against damage from light. [25] [26] [27] [28] [29] [30] [31] Tanito et al. measured the spectral transmission of 54 IOLs including BFIOLs and UVFIOLs and estimated the retinal hazard indices. Retinal hazard indices included blue light irradiance value (characterised by an action spectrum called the hazard function, which represents the relative weight of each wavelength regarding its potential to cause damage to the retina) and maximal permissible exposure duration per day (t max ) for viewing sunlight. The values for t max were calculated for aphakia and phakic eyes based on specific guidelines, and for pseudophakic eyes using the percentage transmittance data for the IOLs used in their study. Their study showed that compared with aphakic eyes UVFIOL's conferred a 60% reduction in the blue light irradiance value and the BFIOL reduced this further. 32 
Influence on visual acuity
Clinical studies comparing BFIOL and UVFIOL have found no difference in clinical performance for visual acuity. 3 A meta-analysis of eight studies looking at postoperative best corrected visual acuity (BCVA) by Zhu et al 4 showed no significant difference between the two groups.
Influence on scotopic and photopic vision
One of the major concerns raised regarding the use of a BFIOL rather than a UVFIOL was that visual performance in scotopic or low mesopic conditions might be impaired. 15, 16, 33 As even in the healthy eye there is an agerelated decline in rods with a slowing of rod-mediated dark adaptation, [34] [35] [36] [37] [38] anything that theoretically may exacerbate this should be avoided, particularly as poor dark adaptation has been associated with an increased risk for falls in an elderly population with no evident ocular pathology. 39 In addition, in eyes with age-related macular degeneration rods are preferentially lost from the parafovea, and rod function is significantly affected. [40] [41] [42] Although experimental data have been published suggesting that the use of a BFIOL could reduce scotopic sensitivity by 14-25%. 15, 43 Subsequent further analysis disputing this original observation was carried out, and by correcting the transmission curve and applying aphakic rather than an aphakic scoptic spectral sensitivity curve, both the UVFIOL and the BFIOL were associated with significant increase in scotopic spectral sensitivity and light available, compared with phakic young subjects. 44 Futhermore clinical, non-theoretical studies investigating scotopic sensitivity did not find any difference between these two IOL groups. 45, 46 A study was carried out by Kiser et al, using an external filter with simulated blue-light filtering in patients with bilateral pseudophakia with UVFIOLs whose average age was 81 years old, and who had early AMD. Their performance was tested by observation of walking through two different mobility courses in scotopic conditions. There was no significant difference in performance between those wearing no filter, or wearing the wrap around blue filter. 47 Influence on glare, and impact on clinical assessments An advantage claimed for BFIOLs is better performance in conditions of glare. [48] [49] [50] Gray et al evaluated the performance of 33 patients in a driving simulator, 18 of whom had BFIOLs and 15 with UVFIOLs. Those with a BFIOL were noted to have significantly lower glare susceptibility and greater safety margins than those with a UVFIOL. However, the patients with the BFIOL also had a toric correction, which the UVFIOL patients did not, which may have had an impact, although they were all fully refracted. 48 A recent study reported this year by Hammond et al examined visual performance in a randomised masked cross-over clinical study in pseudophakic patients with UVFIOL's. The photostress time was assessed in 154 participants both with clear and with blue-filtering glasses after intense light exposure. Photostress recovery time and glare disability thresholds were significantly improved when participants used blue-filtering glasses compared with clear non-filtering glasses. He concludes that BFIOL's may be beneficial under intense lighting conditions. 50 Several studies have investigated the impact of a blue light filter on clinical measurements including nerve fibre layer assessments, visual fields, visual-evoked potentials, and imaging of the retina during surgery. [51] [52] [53] [54] No significant perioperative differences in RNFL measurements or signal strength between yellow and clear IOL were noted using the Cirrus SD-OCT. 51 Kim et al investigated the effect of BFIOLs on frequencydoubling technique perimetry, and found no significant difference in patients who received BFIOL from those who had clear IOLs. 52 Hoffman et al's study evaluated 20 patients by obtaining multifocal VEPs for the blue light and neutral filtering conditions at all eccentricities. They found that no significant effects on amplitudes were obtained, and concluded that the use of BFIOL did not affect the visual processing. 53 54 Influence on blood barrier disruption Miyake and co-authors reported that eyes with a UV or BFIOL had a lower incidence of BRB disruption than eyes with an untreated IOL (one without UV or BF filtering). They took into account patient's age and used two clinical signs: the fluorescein concentration at the posterior vitreous and amount of autofluorescence at the posterior polar retina to evaluate the physiological state of the retina in longstanding pseudophakic eyes. They also noted that autofluorescence increased with age, even in eyes with UV-filtering IOLs and recommended that not only the UV light rays but also near-UV and blue light should be prevented from reaching the retina. 55 Influence on colour perception, colour vision, and colour contrast sensitivity It is widely known that a number of patients who receive clear lenses report that the visual scene has a blue tint (cyanopsia) post-operatively. Several studies have evaluated patient awareness of cyanopsia postoperatively comparing BFIOLs to UVFIOL. Hayashi et al 56 reported that the incidence of cyanopsia was less in a BFIOL group compared with an UVFIOL group, but interestingly by 3 months neither group noticed cyanopsia, which suggests adaptation over time. In Zhu and co-authors' meta-analysis of 11 studies comparing BFIOL and UVFIOL, they noted that overall BFIOLs reduced the incidence of photophobia and cyanopsia in the early post-operative period. 4 In one series after 3 months, the patients were unable to identify which eye had received which IOL implantation. 57 In one case where the BFIOL was explanted owing to colour perception variation, the IOL was explanted just under 3 months had elapsed, and it might be that in time adaptation could have occurred. 58 It has been argued that a BFIOL would increase visual quality by reducing longitudinal chromatic aberration. Siedelecki 59 showed that the chromatic aberration was three times higher with clear UV-blocking IOLs compared with the human crystalline lenses. The majority of studies have showed that there is no difference between the two IOLs for colour vision or contrast sensitivity and the 11 clinical trials meta-analysed by Zhu comparing BFIOL and UVFIOL colour vision in photopic conditions including colour perception and colour contrast sensitivity post-operatively showed that both types of IOL had the same performance. The only exception was that the UVFIOL performed better under mesopic light conditions for colour vision in the blue light spectrum. 4 A very recent study by Bandyopadhyay et al reported their findings in patients who received BFIOLs with different tints. In this study 33 patients received a BFIOyellow type; 33 received a BFIOL-orange type, and 33 had a UVFIOL. They reported that yellow-or orange-coloured BFIOLs were comparable to clear IOLs in terms of photopic and mesopic contrast sensitivity. 60 Yuan et al in 2004 carried out a randomised controlled clinical trial in 60 patients with cataracts who received BFIOLs compared with 30 patients receiving UVFIOL's. The BFIOL group was noted to have significantly improved contrast sensitivity in the lower to middle frequencies without affecting color vision, and the incidence of photophobia and cyanopsia was less in this group. 61 Niwa et al 62 showed that the BFIOL is associated with better contrast sensitivity in the middle spatial frequencies of 6 and 12 c/deg in photopic and mesopic vision. In addition, the yellow-tinted IOL decreased the effect of central glare on the contrast sensitivity.
Raj et al 63 reported that in individuals with partial red green colour vision defects that their colour vision was not worsened by implantation of a BFIOL.
Age-related macular degeneration and IOL type
The controversial subject of whether AMD is triggered or exacerbated by cataract surgery is covered in other review articles and there has been little new information to add. [1] [2] [3] However, there is good evidence from animal and cell culture studies that a BFIOL can exert a protective effect. [25] [26] [27] [28] [29] [30] [31] Despite the potential for damage demonstrated by the results of these studies, it has been said that these findings may not be directly applicable to the development or progression of AMD in humans. More recently, small early studies regarding the use of BFIOLs in humans relevant to this question have been published. Nagai et al 22 looked at a small group of patients who had undergone fundus autofluorescence imaging pre cataract surgery and at 2 years follow-up and noted that there was less-abnormal AF with BFIOLs (52 eyes) compared with UVFIOLs (79 eyes) and stated that the incidence of AMD was lower in the BFIOL group. Lavric and Pompe report their 2-year follow-up of 30 patients who received a BFIOL in one eye and a UVFIOL in their other eye. No statistical difference was seen between the two groups who were examined for macular changes. 64 Pipis et al in 2015 report a much slower progression of geographic atrophy (GA) in the BFIOL group compared with the UVFIOL group, when they examined 66 eyes from 40 patients. Of those 27 were implanted with a BFIOL and 39 with a UVFIOL. Spectral domain optical coherence tomography and advanced RPE software analysis was used to measure lesion size and any progression over one year. There was a statistically significant difference comparing progression of GA area between the BFIOL and UVFIOL, suggesting a protective effect from the BFIOL. 21 Influence on circadian rhythm, in particular the sleep-wake cycle Mainster raised the concern that implanting a BFIOL would disrupt circadian rhythms by preventing shortwavelength light from reaching the retina. 15 As light does not just stimulate the activity of photoreceptors, but also the directly photosensitive retinal ganglion cells (pRGCs), which are maximally sensitive to light at~480 nm, and because BFIOLs filter blue light, concerns were raised that such IOLs may cause disruption of the sleep-wake cycle. The pRGCs project to multiple structures in the brain, including the suprachiasmatic nuclei (SCN) of the anterior hypothalamus, which act as the master circadian pacemaker. The SCN in turn regulate circadian biology throughout the body. 17, 65 Ocular light input is required to synchronise the body clock to the environmental daynight cycle. 17 It has already been shown in a number of studies that in addition to improving vision, cataract surgery has been shown to lead to an improved sleep-wake pattern. [17] [18] [19] 66 This benefit is presumed due to the increased amount of light reaching the retina. Landers et al 66 carried out a cross-sectional study comparing the sleep quality of 31 individuals with UVB-IOL and 18 individuals with BFIOL. They showed that PSQI-derived sleep quality did not differ between UVB-IOL and BFIOL lens types.
Espindle et al, although they did not assess sleep, investigated health-related quality of life in 257 patients, who received either a UV-IOL or a BFIOL after cataract surgery using a vision-specific (NEI VFQ-39) and a generic physical and mental health (SF-12) scale. They reported an improvement in vision-related functions in both groups after surgery, but no difference between those with bilateral UVB-IOL implants and those with bilateral BFIOL implants. 67 Alexander et al in a large prospective, consecutive, dual-site study, with 961 participants completing the study, showed no difference between the BFIOL and UV-IOL groups. Sleep quality improved significantly following cataract surgery in the short term for the entire cohort, irrespective of the type of lens implanted. 17 Schmoll et al 18 looked at sleep-wake and cognitive reaction times and showed no difference between BFIOL or UVFIOL. The CHUKYO study was designed to evaluate blood pressure and sleep duration after IOL implantation during cataract surgery and to compare different types of IOL. Using a questionnaire, as well as obtaining blood pressure measurements and sleep duration, they obtained data from 1367 patients (1367 eyes) before IOL implantation, 1 week after IOL implantation and 1 month after IOL implantation. They reported that the diastolic blood pressure was significantly decreased in the total patient group after implantation. The decrease in systolic blood pressure 1 month after implantation was significantly more in patients who received a BFIOL than it was in those who received an UVFIOL. They suggested that a BFIOL is better for patients with high blood pressure than a UVFIOL. In addition, they reported that there was no difference between the BFIOL, or the UVFIOL in improving sleep duration. They reported no significant differences in vision among the IOL groups, but they suggested that differences in spectral transmittance properties might have resulted in different effects on the autonomic nervous system and melatonin secretion. They explain the greater decrease in blood pressure in patients with BFIOLs may be because blood pressure is known to increase with blue light exposure in people with normal blood pressure. 68 Thus, blue light, which was not filtered by UV light-filtering IOLs, may counteract the blood pressure reduction after IOL implantation. 19 Leruez carried out a pilot study in patients who had had BFIOL or UV-IOL implants to determine whether implantation with BFIOLs would influence post-operative mood, or induce more depression compared with UVFIOL. They found no difference between BFIOL and UVFIOL. Mood improved in both groups after surgery. 20 
Discussion
There are a number of advances in IOL technology, which can make the choice of an IOL complex and challenging. In the ongoing debate whether to implant a BFIOL or a clear IOL, there is now clear evidence to show that the visual performance with both types of IOL is similar. Clinical studies have shown that visual acuity, photopic and scotopic, and colour vision performance is essentially the same with BFIOL and UVFIOL implants. [1] [2] [3] [4] [5] 9, 44, 45, 69 The concerns that clinical imaging and assessment and visual field testing may be affected by implantation of a BFIOL have been shown not to be the case.
It was also suggested that circadian rhythm, in particular sleep, could be disrupted using a BFIOL but this concern has also been dispelled. [17] [18] [19] 66 Cataract surgery for the main part is carried out in an elderly population in whom there is an age-related decline in retinal photoreceptors and ganglion cell populations, as well as the function of the circadian clock, and with ageing smaller pupils. It is clear that access to light is important for this group. Pupil size and access to light have a more important role than the current IOLs. 17 Overall, it would seem that there are no drawbacks to using a BFIOL, and indeed there are benefits of using an IOL which filters out short-wavelength light including reduction in glare. 11, [48] [49] [50] However, more importantly as short-wavelength light has been shown to be toxic to the retina and results of in vitro, animal and clinical studies support the hypothesis that protecting the retina from short-wavelength light is desirable, implantation with a BFIOL seems a sensible precaution. (Van NorrenCambridge Symposium Paper) 6, 7, [25] [26] [27] [28] [29] [30] [31] Early evidence in a small study has shown that BFIOLs have a potential to reduce the advance of GA, 21 and there is also emerging evidence that short-wavelength light may have a role in ocular melanoma development, 70 as well as skin melanomas, making protection from short-wavelength light desirable for the eye. The paediatric population that have a longer exposure to short-wavelength light may be best served by a BFIOL implantation. 3 It is important to advise individuals who have had a UVFIOL implant that they should wear BF sunglasses in sunlight. It is also probably best to avoid implanting a BFIOL into one eye and a UVFIOL into the other, as Schweitzer showed that six patients noticed a disparity in colour perception between each eye. 71 There are a wide range of IOLs available and it is not within the scope of this article to specifically discuss any particular IOL. However, it is important that the IOL design allows photoreception as close as possible to the young adult healthy crystalline lens, and photoprotection to prevent short-wavelength light damage over the lifetime of the recipient.
In summary, there is good evidence in the literature that implantation of a BFIOL does not impair visual acuity, photopic, scotopic, or colour vision, nor does it affect the sleep-wake cycle. In addition, there are some definite and theoretical benefits associated with implanting a BFIOL, including improved performance in glare but more importantly protection of the retina against short-wavelength light.
